Introduction
============

Hepatocellular carcinoma (HCC) is the third most common malignancy and second leading cause of cancer-associated mortality worldwide ([@b1-mmr-19-05-4119]). Notably, only 10--20% of patients with HCC can be treated surgically, whereas the majority of patients are treated exclusively with chemotherapy ([@b2-mmr-19-05-4119]). In addition, the various genetic backgrounds of individuals lead to unsatisfactory outcomes following chemotherapy. Cinobufagin, a natural inhibitor of Na^+^/K^+^-ATPase (NKA), is a cardiac glycoside (CG) that exhibits potential anticancer activity ([@b3-mmr-19-05-4119],[@b4-mmr-19-05-4119]). A clinical trial revealed that the interaction between digoxin and cisplatin had a synergistic effect on cervical cancer cells ([@b5-mmr-19-05-4119]).

Numerous studies have reported that mutations in various genes can markedly alter the efficacy of chemotherapy, including p53, B-Raf proto-oncogene, serine/threonine kinase and erb-b2 receptor tyrosine kinase 2 ([@b6-mmr-19-05-4119]--[@b9-mmr-19-05-4119]). Mutations in p53 occur frequently in numerous types of malignant tumor ([@b10-mmr-19-05-4119]--[@b12-mmr-19-05-4119]). HCC cells have been reported to express three genotypes of p53: Wild-type p53, mutant p53 and p53-null ([@b13-mmr-19-05-4119]). Our previous study revealed that CGs induce cell cycle S phase arrest and lead to chromosome segregation distortion in HCC HepG2 cells expressing wild-type p53 by inhibiting the function of aurora kinase A (AURKA) and activating p53 signaling ([@b14-mmr-19-05-4119]).

As a member of the aurora kinase family, AURKA is a serine/threonine kinase, which primarily serves roles in regulation of the cell cycle, separation and maturation of centrosomes, and establishment of the spindle. Numerous studies have reported the abnormal amplification and overexpression of AURKA in various types of malignant tumor, including liver, lung and breast cancer ([@b15-mmr-19-05-4119]--[@b18-mmr-19-05-4119]). The overexpression of AURKA is associated with aggressive, poorly differentiated tumors ([@b19-mmr-19-05-4119],[@b20-mmr-19-05-4119]). p53 is a tumor suppressor gene (TSG) downstream of AURKA that is involved in the regulation of cellular activities via phosphorylation, including cell cycle arrest, DNA repair and apoptosis ([@b21-mmr-19-05-4119]). Various mutations in p53 have been reported in malignant tumors; \>50% of mutations are in the form of single nucleotide mutations ([@b22-mmr-19-05-4119]). Mutant p53 loses its TSG function and acts as an oncogene, promoting the proliferation of tumor cells, increasing the invasive and metastatic abilities of tumor cells, and inducing resistance to chemotherapy ([@b23-mmr-19-05-4119]). Notably, p73, a member of the p53 family, can be activated to perform TSG functions in place of the mutant p53, regulating the transcription of p21, growth arrest and DNA damage-inducible protein 45 and B-cell lymphoma 2 (Bcl-2)-associated X protein (Bax) ([@b24-mmr-19-05-4119]). The effects of cinobufagin on HCC cells expressing mutant p53 and the underlying mechanisms remain unclear. Therefore, the anticancer properties of cinobufagin in Huh-7 cells with mutant p53 were investigated in this study.

Materials and methods
=====================

### Chemicals and reagents

Cinobufagin (cat. no. C1272-1MG) and the rabbit polyclonal anti-phosphorylated (p)-p53 (S315; cat. no. SAB4504500) antibody were purchased from Sigma-Aldrich (Merck KGaA, Darmstadt, Germany). Dulbecco\'s modified Eagle\'s medium (DMEM) and fetal bovine serum (FBS) were purchased from Gibco (Thermo Fisher Scientific, Inc., Waltham, MA, USA). The AURKA inhibitor PF-03814735 and the following antibodies were purchased from Abcam (Cambridge, UK): Rabbit monoclonal anti-p21 (cat. no. ab109520), anti-p73 (cat. no. ab40658), anti-mouse double minute 2 homolog (MDM2; cat. no. ab178938), anti-p-p53 (S392; ab33889), rabbit polyclonal anti-p-heterogeneous nuclear ribonucleoprotein K (hnRNPK; S284; cat. no. ab74066), anti-p53 upregulated modulator of apoptosis (PUMA; cat. no. ab9643), mouse monoclonal anti-β-actin (cat. no. ab8226), anti-phorbol-12- myristate-13-acetate-induced protein 1 (Noxa; cat. no. ab13654) anti-hnRNPK (cat. no. ab39975), rabbit monoclonal anti-Bcl-2 (cat. no. ab32124), rabbit monoclonal anti-Bax (cat. no. ab32503), rabbit monoclonal anti-CDK1 (cat. no. ab18), rabbit monoclonal anti-CylinB1 (cat. no. ab32053) and rabbit monoclonal anti-PCNA (cat. no. ab92552).

The rabbit monoclonal anti-AURKA (cat. no. 14475), rabbit polyclonal anti-p-p73 (Y99; cat. no. 4665) and anti-p-MDM2 (S166; cat. no. 3521) antibodies were purchased from Cell Signaling Technology, Inc. (Danvers, MA, USA). The mouse monoclonal anti-p53 (cat. no. MF267038) antibody was purchased from Mei5 Biotechnology, Co., Ltd. (Beijing, China). The propidium iodide (PI) kit (cat. no. Y-6002-T), dimethyl sulfoxide (DMSO; cat. no. D8370) and MTT reagents (cat. no. M1020) were purchased from Beijing Solarbio Science & Technology Co., Ltd. (Beijing, China). The PrimeSTAR^®^ HS DNA Polymerase (cat. no. R010Q) was purchased from Takara Bio, Inc., Otsu, Japan.

### Cell culture

Huh-7 cells (possessing an Tyr220Cys point mutation in the p53 gene) ([@b25-mmr-19-05-4119],[@b26-mmr-19-05-4119]) were purchased from the American Type Culture Collection (Manassas, VA, USA) and were cultured in DMEM supplemented with 10% FBS, penicillin (100 U/ml) and streptomycin (100 µg/ml). The cells were cultured at 37°C in a humidified 5% CO~2~ atmosphere.

### Cell transfection

Full-length AURKA cDNA was obtained from Huh-7 cells via polymerase chain reaction (PCR) using the following primer pairs: Forward 5′-CGGGATCCATGGACCGATCTAAG-3′ and reverse, 5′-CCGCTCGAGCTAAGACTGTTTGCTAG-3′. The PCR was performed in a 50 µl volume with PrimeSTAR^®^ HS DNA Polymerase mix (Takara Bio, Inc.). The PCR was performed in a GeneAMP^@^PCR System 9700 (Applied Biosystems; Thermo Fisher Scientific, Inc.), according to the following protocol: 5 min at 95°C and 35 cycles of 10 sec at 98°C, 15 sec at 60°C and 2 min at 72°C, followed by 10 min at 72°C. The PCR product, flanked by *Bam*HI and *Xho*I sites, was cloned into a pCDNA3.1--3×Flag plasmid (BioVector NTCC Inc., Beijing, China) to construct the expression vector pCDNA3.1×3Flag-AURKA. Huh-7 cells were cultured in 6-well plates overnight and were transfected with 2 µg pCDNA3.1×3Flag-AURKA or blank vector using 5 µl Lipofectamine^®^ 3000 reagent (Invitrogen; Thermo Fisher Scientific, Inc.) at 37°C for 36 h. Stable Huh-7/AURA cell lines were established using 1,000 µg/ml G418 for screening. Huh-7 cells treated with the Huh-7 cells treated with the 50 nmol/l AURKA inhibitor PF-03814735 at 37°C for 24 h were termed the Huh7/PF-03814735 group. A series of experiments included six groups, including Huh-7, Huh-7/AURKA and Huh-7/PF-03814735 cells, untreated or co-treated with 5 µmol/l cinobufagin at 37°C for 24 h.

### Cell viability assay

An MTT assay was performed to determine cell viability. A total of 5×10^3^ cells suspended in 100 µl DMEM supplemented with 10% FBS were seeded into 96-well plates and cultured for 24 h. The medium was replaced with fresh DMEM containing 10% FBS and various concentrations of cinobufagin (0.75, 1.25, 2.5, 5 and 10 µmol/l). After treatment with cinobufagin or both 5 µmol/l cinobufagin and 50 nmol/l PF-03814735 at 37°C for 24 h, MTT reagent (20 µl) was added to each well, and the plate was incubated for a further 3 h. Subsequently, the medium was discarded, 100 µl DMSO was added, and the optical density (OD) at 490 nm was detected using an immunosorbent assay microplate reader (SpectraMax M2; Molecular Devices, LLC, Sunnyvale, CA, USA). Cell viability rates were calculated using the following equation: Inhibitory rate (IR) (%)=100× \[(OD~Treatment~-OD~Blank~)/(OD~Control~-OD~Blank~)\]. The half maximal inhibitory concentration (IC~50~) of cinobufagin in Huh-7 cells was also calculated. Another MTT assay was subsequently performed using transfected or 50 nmol/l PF-03814735-treated cells in the presence or absence of 5 µmol/l cinobufagin, according to the aforementioned method.

### Cell apoptosis assay

Cells were seeded into 6-well plates at a density of 5×10^4^ cells/well and were cultured for 12 h followed by treatment with 5 µmol/l cinobufagin and/or 50 nmol/l PF-03814735 at 37°C for 24 h. Cells were washed with ice-cold PBS and were subsequently incubated with 10 µg/ml Hoechst 33342 at 37°C for 10 min. Chromatin condensation was observed under a fluorescence microscope (BX41; Olympus Corporation, Tokyo, Japan).

### Cell cycle analysis

Cells were trypsinized and fixed in a mixture of 75% ethanol and 25% PBS at 4°C for 10 min. A total of 2×10^5^ cells were incubated for 45 min with a solution containing 25 µg/ml PI and 40 µg/ml RNase A at 37°C. The cell cycle distribution was detected using a flow cytometer (FACSCalibur; BD Biosciences, Franklin Lakes, NJ, USA) and analyzed using FlowJo V10 software (FlowJo LLC, Ashland, OR, USA).

### Western blot analysis

Cells were cultured until they reached 85% confluence and were then treated with 5 µmol/l cinobufagin at 37°C for 12 h in the presence or absence of 50 nmol/l PF-03814735. Subsequently, cells were lysed in radioimmunoprecipitation assay buffer \[50 mmol/l Tris-HCl (pH 7.4), 150 mmol/l NaCl, 1 mmol/l EDTA, 5% (v/v) β-mercaptoethanol, 1% (v/v) NP-40, 0.25% (v/v) sodium deoxycholate, complete protease inhibitor cocktail (cat. no. P8340; Sigma-Aldrich; Merck KGaA\], ultrasonicated at 25% maximum power (20 kHz) (10 sec burst and 20 sec rest, 30 cycles) for 15 min on ice and centrifuged at 4°C with 13,000 × g for 10 min. The supernatant was collected and stored at −80°C. Total protein concentration was determined using the bicinchoninic acid assay (Pierce; Thermo Fisher Scientific, Inc.). Protein lysates (60 µg/lane) were separated by 10% SDS-PAGE and transferred to nitrocellulose membranes. The membranes were blocked using 5% bovine serum albumin (BSA; cat. no. 0218054950; GE Healthcare Life Sciences, Little Chalfont, UK) for 1 h at 37°C and incubated with the primary antibodies at a dilution of 1:1,000 overnight at 4°C. After four washes with PBS/0.1% Tween 20, the membranes were incubated at room temperature for 1 h with horseradish peroxidase-conjugated secondary antibodies (1:5,000; cat. no. 01-15-06; KPL, Inc., Gaithersburg, MD, USA). Protein bands were visualized using an enhanced chemiluminescence immunoblotting reagent (EMD Millipore, Billerica, MA, USA), and signals were captured using the Amersham Imager 600 system (GE Healthcare Life Sciences, Little Chalfont, UK). Protein expression was semi-quantified using Scion Image version 4.0 (Scion Corporation, Frederick, MD, USA), with β-actin as the reference control.

### Immunofluorescence and confocal microscopy

A total of 3×10^3^ cells were seeded onto confocal dishes and treated as aforementioned. Cells were fixed in 4% paraformaldehyde in PBS at 4°C for 30 min and then permeabilized with 0.5% Triton X-100 in PBS. Cells were blocked with 5% BSA in PBS at room temperature for 1 h and were then incubated with rabbit anti-p73 (1:1,000) overnight at 4°C, followed by incubation with a fluorescein isothiocyanate-conjugated goat anti-rabbit immunoglobulin G antibody (1:200; cat. no. 5230-0301; KPL, Inc.) at 37°C for 1 h. Cells were washed three times with PBS (10 min/wash), and the fluorescence was visualized using laser scanning confocal microscopy (Leica TCS SP8; Leica Microsystems GmbH, Wetzlar, Germany). The gray intensity of the images was analyzed using Image-Pro Plus 6.0 software (Media Cybernetics, Inc., Rockville, MD, USA).

### Statistical analysis

Data were analyzed using SPSS version 22.0 software (IBM Corp., Armonk, NY, USA). Data were analyzed using one-way analyses of variance followed by a Tukey\'s test against the control group to adjust for multiple comparisons. Data were presented as the means ± standard error of the mean of three independent experiments. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Decreased viability of Huh-7 cells following cinobufagin treatment is associated with AURKA activity

An MTT assay was performed to analyze the effects of cinobufagin on the viability of Huh-7 cells. As presented in [Fig. 1A](#f1-mmr-19-05-4119){ref-type="fig"}, treatment with \>0.75 µmol/l cinobufagin significantly decreased the viability of cells compared with the control (P\<0.05). The viability rate of the control group was normalized as 100%, and the viability rates of Huh-7 cells following treatment with 0.75, 1.25, 2.5, 5 and 10 µmol/l cinobufagin for 24 h were reduced by 24.1±3.2, 28.1±3.5, 39.1±3.8, 49.3±4.1 and 60.3±5.22%, respectively. The IC~50~ value of cinobufagin in Huh-7 cells was determined to be 5.1 µmol/l at 24 h. Following treatment with 5 µmol/l cinobufagin for 24 h, the viability rate of Huh-7 cells was determined to be 49.5±3.9% compared with that of the control group; however, transfection with the AURKA expression vector significantly increased the viability rate of Huh-7 cells to 73.6±2.2% ([Fig. 1B](#f1-mmr-19-05-4119){ref-type="fig"}). Conversely, treatment with 50 nmol/l PF-03814735 significantly decreased the cell viability rate to 41.9±2.2%. The results of the MTT assay indicated that cinobufagin inhibited the viability of mutant p53 HCC cells. Additionally, overexpressing and inhibiting AURKA inhibited and promoted the anti-viability effects of cinobufagin on Huh-7 cells, respectively.

### Cinobufagin-induced apoptosis of Huh-7 cells is associated with AURKA activity

Hoechst 33342 staining revealed that the nuclear morphologies of Huh-7 and Huh-7/AURKA cells presented uniform blue fluorescence, dispersed chromatin and oval nuclei, whereas cells treated with cinobufagin and/or PF-03814735 detached from the culture plate, shrunk and formed small apoptotic bodies ([Fig. 2A](#f2-mmr-19-05-4119){ref-type="fig"}). Other characteristics of apoptosis were also observed following cinobufagin treatment, including nuclear condensation and fragmentation. The proportion of apoptotic cells in the PF-03814735, cinobufagin and PF-03814735 + cinobufagin groups were significantly increased compared with in the control group (P\<0.05); however, there was no significant difference between the control and Huh-7/AURKA groups. Furthermore, the proportion of apoptotic cells in the PF-03814735 + cinobufagin group was significantly increased compared with in the cinobufagin group (P\<0.05), whereas that in the Huh-7/AURKA + cinobufagin group was significantly decreased (P\<0.05). Western blot analysis revealed that cinobufagin treatment significantly downregulated the expression levels of the antiapoptotic protein Bcl-2 in Huh-7 cells compared with the control, and upregulated those of the proapoptotic protein Bax (P\<0.05; [Fig. 2B](#f2-mmr-19-05-4119){ref-type="fig"}). In addition, the Bcl-2/Bax ratio was significantly decreased following cinobufagin treatment compared with the control (P\<0.05). Furthermore, the overexpression and inhibition of AURKA in cinobufagin-treated Huh-7 cells significantly increased and decreased the Bcl-2/Bax ratio compared with cinobufagin treatment alone, respectively (P\<0.05). These results indicated that cinobufagin induced the apoptosis of Huh-7 cells in an AURKA-dependent manner.

### Cinobufagin induces cell cycle arrest in Huh-7 cells by inhibition of AURKA signaling

As presented in [Fig. 3A](#f3-mmr-19-05-4119){ref-type="fig"}, cinobufagin induced the arrest of Huh-7 cells in G~2~/M phase. The proportion of cells in the G~2~/M phase was 16.17±0.77, 24.39±0.35 and 21.14±0.48 in the control, PF-03814735-treated and Flag-AURKA-transfected groups, respectively; treatment with cinobufagin increased the proportions in the respective groups to 32.52±0.34, 44.58±0.41 and 28.53±0.31%. The proportion of cells in G~2~/M phase in the cinobufagin group was significantly increased compared with in the control group (P\<0.05; [Fig. 3B](#f3-mmr-19-05-4119){ref-type="fig"}). Additionally, overexpressing or inhibiting AURKA in cinobufagin-treated Huh-7 cells significantly decreased or increased the proportion of G~2~/M phase cells, respectively, compared with cinobufagin treatment alone (P\<0.05). Western blot analysis revealed that cinobufagin decreased the expression levels of cyclin-dependent kinase 1 (CDK1), cyclin B1 and proliferating cell nuclear antigen (PCNA) in Huh-7 cells compared with the control (P\<0.05; [Fig. 3C-F](#f3-mmr-19-05-4119){ref-type="fig"}). Additionally, overexpression or inhibition of AURKA in cinobufagin-treated Huh-7 cells significantly promoted or weakened the changes in the expression of these changed proteins between Huh-7 cells treated with cinobufagin and the control group, respectively (P\<0.05). The results indicated that cinobufagin induced cell cycle G~2~/M phase arrest in Huh-7 cells via downregulation of CDK1, cyclin B1 and PCNA in an AURKA-dependent manner.

### Anticancer effects of cinobufagin on Huh-7 cells are not dependent on the activation of p53 signaling

The present study revealed that the expression levels of total p53 and hnRNPK were not affected following cinobufagin treatment, or overexpression or inhibition of AURKA ([Fig. 4A](#f4-mmr-19-05-4119){ref-type="fig"}). Conversely, the expression levels of AURKA, p-p53 (S315), p-p53 (S392) and p-hnRNPK were significantly downregulated in cinobufagin-treated Huh-7 cells compared with the control (P\<0.05; [Fig. 4B](#f4-mmr-19-05-4119){ref-type="fig"}). The expression of AURKA was significantly upregulated following transfection with the Flag-AURKA vector. Additionally, it was demonstrated that p-p53 (S315)/p53, p-p53 (S392)/p53 and p-hnRNPK (S284)/hnRNPK ratios were significantly decreased following cinobufagin treatment compared with the control. Overexpression and inhibition of AURKA in cinobufagin-treated cells significantly increased and decreased the p-p53 (S315)/p53 ratio compared with cinobufagin treatment alone, respectively; however, the p-p53 (S392)/p53 ratio was significantly increased in cinobufagin-treated cells following transfection with Flag-AURKA or treatment with PF-03814735 compared with cinobufagin treatment alone, whereas the p-hnRNPK (S284)/hnRNPK ratio was not significantly different between the cinobufagin and cinobufagin + PF-03814735 groups. The results suggested that cinobufagin downregulated the expression of AURKA, and inhibited the phosphorylation of p53 (S315 and S392) and hnRNPK (S284). Furthermore, overexpression of AURKA upregulated phosphorylation of p53 (S315), p53 (S392) and hnRNPK (S284) compared with cinobufagin treatment; however, PF-03814735 + cinobufagin treatment further decreased the phosphorylation of p53 (S315) only. Notably, the expression of total p53 was not altered, and the levels of p-p53 (S315 and S392) were significantly decreased in the cinobufagin group. The ratios of p-P53(S315)/p53 and p-P53(S392)/p53 in Huh-7 treated with cinobufagin were significantly decreased compared with the control group (P\<0.05). Compared with Huh-7 treated with cinobufagin, the ratio of p-P53(S315)/p53 was significantly decreased, and the ratio of p-P53(S392)/p53 was significantly increased in Huh-7 cells treated with PF-03814735 + cinobufagin treatments (P\<0.05). However, compared with Huh-7 cells treated with cinobufagin, the ratios of p-P53(S315)/p53 and p-P53(S392)/p53 in Flag-AURKA-transfected Huh-7 cells treated with cinobufagin were significantly increased (P\<0.05), compared with the classic anticancer signaling of p53 ([@b27-mmr-19-05-4119],[@b28-mmr-19-05-4119]).

### Anticancer properties of cinobufagin in Huh-7 cells are associated with the activation of p73 signaling

Dabiri *et al* ([@b29-mmr-19-05-4119]) demonstrated that p73 served as a substitute for p53 in bortezomib-induced apoptosis in p53-deficient or mutated cells, implicating that p73 could be a potential therapeutic target for treatment of colorectal cancer, in particular those lacking functional p53. The somatic mutation frequency of p53 is 11.2% in Huh-7 cells ([@b30-mmr-19-05-4119]). It was hypothesized that the p53 mutation may result in a loss of function, leading to p53 losing its tumor-suppressive properties and acting as an oncogene. p73 is a proapoptotic protein that serves an important role during tumorigenesis, mimicking the tumor suppressor activities of p53 due to its structural similarity ([@b31-mmr-19-05-4119]). The p-p73 (Y99)/p73 ratio was significantly increased in Huh-7 cells following cinobufagin treatment compared with the control, whereas that of p-MDM2 (S166)/MDM2 was significantly decreased ([Fig. 5](#f5-mmr-19-05-4119){ref-type="fig"}). Additionally, cinobufagin upregulated the expression of p21, Puma and Noxa compared with the control (P\<0.05). Furthermore, the overexpression or inhibition of AURKA reduced or promoted the effects of cinobufagin, respectively (P\<0.05).

Immunocytochemistry demonstrated that cinobufagin treatment markedly upregulated p73 expression compared with the control, whereas overexpression or inhibition of AURKA eliminated or promoted these cinobufagin-induced effects ([Fig. 5G](#f5-mmr-19-05-4119){ref-type="fig"}). These results indicated that the anticancer effects of cinobufagin in p53-mutant HCC cells were associated with the activation of p73, but not p53 signaling.

Discussion
==========

At present, only 10-20% of patients with HCC can be treated surgically, whereas the majority of patients are treated exclusively with chemotherapy ([@b2-mmr-19-05-4119]); However, the treatment of HCC with anticancer agents, including sorafenib, capecitabine and oxaliplatin, is limited by multidrug resistance and individual heterogeneity ([@b32-mmr-19-05-4119]). Notably, numerous studies have reported that CGs, as NKA inhibitors, exert anticancer properties against various types of cancer that are not susceptible to chemotherapy ([@b33-mmr-19-05-4119],[@b34-mmr-19-05-4119]). CGs are synthetic or naturally occurring steroid hormones observed in plant or animal species, including ouabain, bufalin and cinobufagin ([@b35-mmr-19-05-4119]). A number of studies reported that the survival rate of patients undergoing chemotherapy against HCC with mutant p53 is decreased compared with patients with wild-type p53 ([@b26-mmr-19-05-4119],[@b36-mmr-19-05-4119]). Our previous study ([@b14-mmr-19-05-4119]) revealed that CGs reduce the viability and induce the apoptosis of HCC cells with wild-type p53 by inhibiting AURKA signaling. In the present study, the anticancer effects of CGs were investigated in HCC Huh-7 cells with mutant p53.

Previous studies have reported that the overexpression or abnormal amplification of AURKA may serve an important role in the pathogenesis of various types of cancer ([@b20-mmr-19-05-4119],[@b37-mmr-19-05-4119]). AURKA is a serine/threonine kinase that phosphorylates numerous target proteins involved in the establishment of the mitotic spindle, centrosome duplication, centrosome separation and cytokinesis, including BRCA1 DNA repair associated, cell division cycle 25B, kinesin family member 2A, large tumor suppressor kinase 2, p53 and TPX2 microtubule nucleation factor ([@b38-mmr-19-05-4119]). In the present study, it was demonstrated that cinobufagin reduced the viability, arrested the cell cycle and induced the apoptosis of Huh-7 HCC cells possessing mutant p53. Furthermore, the overexpression or inhibition of AURKA suppressed or promoted the anticancer effects of cinobufagin on Huh-7 cells. The cyclin B1/CDK1 complex is required for regulation of the G~2~/M transition phase of the cell cycle ([@b39-mmr-19-05-4119]). The present study demonstrated that cinobufagin induced cell cycle G~2~/M arrest by downregulating the expression of cyclin B1, CDK1 and PCNA, and upregulating the expression of p21. Additionally, the expression levels of p53 in Huh-7 cells were markedly unaltered following cinobufagin treatment, whereas the expression of p-p53 (S315) was significantly decreased. Therefore, it was suggested that the anticancer effects of cinobufagin in Huh-7 cells with mutant p53 did not depend on activation of the p53 signaling pathway.

Our previous study reported that the expression levels of p53 are significantly increased in HepG2 cells with wild-type p53 following CG treatment ([@b14-mmr-19-05-4119]); however, the present study revealed that the expression of p53 was not significantly altered in CG-treated Huh-7 cells, and that the phosphorylation levels of p53 (S315 and S392) were decreased. Li *et al* ([@b26-mmr-19-05-4119]) observed that the wild type p53 could inhibit cell proliferation and colony formation, but mutant p53 served a pro-oncogene function in several kinds of cancer cells. A separate study demonstrated that mutant p53 (R175H) exhibits pro-oncogenic properties, increasing the sensitivity of malignant ovarian cancer cells to growth factors and promoting their growth ([@b40-mmr-19-05-4119]). Numerous studies revealed that p53, but not p73, is frequently mutated during tumorigenesis ([@b41-mmr-19-05-4119],[@b42-mmr-19-05-4119]).

As a member of the p53 family, p73, a proapoptotic protein, serves an important role during tumorigenesis, mimicking the biological activities of p53 as a result of their structural similarity ([@b43-mmr-19-05-4119]). Previous studies have reported that the knockdown of AURKA can induce increased p73 expression and increase the expression levels of its downstream molecules, including p21/WAF1, PUMA and Noxa ([@b44-mmr-19-05-4119],[@b45-mmr-19-05-4119]). Meanwhile, Y99 phosphorylation of p-73 could bind to the PUMA promoter to induce PUMA expression, leading to apoptosis induction in cancer cells ([@b46-mmr-19-05-4119]). In the present study, it was revealed that cinobufagin downregulated AURKA expression, and increased the expression and phosphorylation (Y99) levels of p73. MDM2 is an E3 ubiquitin ligase localized to the nucleus that inhibits p73-mediated cell cycle arrest and apoptosis by binding its transcriptional activation domain ([@b47-mmr-19-05-4119]). The present study revealed that cinobufagin inhibited the phosphorylation of MDM2. The upregulation of p-p73 increased the expression levels of downstream molecules, including Puma, Noxa and p21. Puma binds antiapoptotic Bcl-2 family members to induce mitochondrial dysfunction and caspase activation ([@b48-mmr-19-05-4119]). Noxa promotes alterations in the mitochondrial membrane and the release of apoptogenic proteins from the mitochondria ([@b49-mmr-19-05-4119]). p21 binds and inhibits the activity of CDK2 or CDK4, thereby regulating cell cycle progression ([@b50-mmr-19-05-4119]). Additionally, it was demonstrated that the overexpression or inhibition of AURKA significantly opposed or promoted the anticancer effects of cinobufagin in Huh-7 cells, respectively.

Based on these findings, a schematic diagram was produced to present the hypothesized mechanisms underlying the anticancer effects of cinobufagin in Huh-7 cells, including inhibition of AURKA and p53 signaling, and activation of p73 signaling, which is associated with the activity of AURKA ([Fig. 6](#f6-mmr-19-05-4119){ref-type="fig"}). These results indicated that cinobufagin has potential as a novel anticancer agent for the treatment of patients with HCC possessing mutant p53. Future studies aim to establish animal models to further investigate the anticancer mechanisms of CGs.
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![Cinobufagin inhibits the viability of Huh-7 cells in an AURKA-dependent manner. (A) Effects of treatment with various doses of cinobufagin for 24 h on the viability of Huh-7 cells, as determined using an MTT assay. The half maximal inhibitory concentration of cinobufagin in Huh-7 cells was determined to be 5.1 µmol/l. (B) Effects of overexpression or PF-03814735-mediated (50 nmol/l) inhibition of AURKA on the anti-viability effects of 5 µmol/l cinobufagin on Huh7 cells. Data are presented as the means ± standard error of the mean of three independent experiments. \*P\<0.05 vs. 0 µmol/l; ^\#^P\<0.05 vs. Huh-7. AURKA, aurora kinase A.](MMR-19-05-4119-g00){#f1-mmr-19-05-4119}

![Cinobufagin induces apoptosis of Huh-7 cells. (A) Representative images of Hoechst 33342 staining (magnification, ×200). Cells treated with cinobufagin presented various characteristics of apoptosis, including nuclear condensation and fragmentation. (B) Protein expression levels of Bax and Bcl-2, and the ratio of Bax/Bcl-2, as determined by western blotting. β-actin was used as a control. Data are presented as the means ± standard error of the mean of three independent experiments. \*P\<0.05 vs. control, ^\#^P\<0.05 vs. cinobufagin. AURKA, aurora kinase A; Bax, Bcl-2-associated X protein; Bcl-2, B-cell lymphoma 2.](MMR-19-05-4119-g01){#f2-mmr-19-05-4119}

![Cinobufagin induces cell cycle arrest at G~2~/M phase. (A) Cell cycle distribution of Huh-7 cells following treatment with 5 µmol/l cinobufagin for 24 h, as determined using flow cytometry. (B) Cell cycle analysis of Huh-7 cells. (C) Protein expression levels of CDK1, cyclin B1 and PCNA following treatment with 5 µmol/l cinobufagin for 24 h. Densitometric analysis of (D) CDK1, (E) cyclin B1 and (F) PCNA. β-actin was used as a control. Data are presented as the means ± standard error of the mean of three independent experiments. \*P\<0.05 vs. control, ^\#^P\<0.05 vs. cinobufagin. AURKA, aurora kinase A; CDK1, cyclin-dependent kinase 1; PCNA, proliferating cell nuclear antigen.](MMR-19-05-4119-g02){#f3-mmr-19-05-4119}

![Anticancer effects of cinobufagin on Huh-7 cells are not dependent on the activation of p53 signaling. (A) Protein expression levels of AURKA, p53, p-p53 (S315), p-p53 (S392), hnRNPK and p-hnRNPK (S284) in cells following treatment with 5 µmol/l cinobufagin, as determined using western blotting. (B) Densitometric analysis of AURKA, p-p53 and p-hnRNPK. Data are presented as the means ± standard error of the mean of three independent experiments. \*P\<0.05 vs. control, ^\#^P\<0.05 vs. cinobufagin. AURKA, aurora kinase A; hnRNPK, heterogeneous nuclear ribonucleoprotein K; p, phosphorylated.](MMR-19-05-4119-g03){#f4-mmr-19-05-4119}

![Cinobufagin may induce anticancer effects on Huh-7 cells via activation of p73 signaling. (A) Protein expression levels of p73, p-p73 (Y99), MDM2, p-MDM2 (S166), p21, Puma and Noxa in cells in cells following treatment with 5 µmol/l cinobufagin for 24 h, as determined by western blotting. Densitometric analysis of (B) p-p73, (C) Puma, (D) p-MDM2, (E) Noxa and (F) p21. (G) Expression of p73 in Huh-7 cells, as determined by immunocytochemistry. Representative images are shown at ×200 magnification. Data are presented as the means ± standard error of the mean of three independent experiments. \*P\<0.05 vs. control, ^\#^P\<0.05 vs. cinobufagin. AURKA, aurora kinase A; MDM2, mouse double minute 2 homolog; Noxa, phorbol-12-myristate-13-acetate-induced protein 1; p, phosphorylated; Puma, p53 upregulated modulator of apoptosis.](MMR-19-05-4119-g04){#f5-mmr-19-05-4119}

![Schematic diagram of cinobufagin-induced effects on hepatocellular carcinoma Huh-7 cells with mutant p53. Cinobufagin inhibits the viability, arrests the cell cycle and induces the apoptosis of Huh-7 cells by inhibiting AURKA and p53 signaling, and activating p73 signaling. AURKA, aurora kinase A; Bax, Bcl-2-associated X protein; Bcl-2, B-cell lymphoma 2; CDK1, cyclin-dependent kinase 1; hnRNPK, heterogeneous nuclear ribonucleoprotein K; NKA, Na^+^/K^+^-ATPase; Noxa, phorbol-12-myristate-13-acetate-induced protein 1; p, phosphorylated; PCNA, proliferating cell nuclear antigen; Puma, p53 upregulated modulator of apoptosis.](MMR-19-05-4119-g05){#f6-mmr-19-05-4119}
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